Introduction
Malignant glioma, the most common central nervous system tumor, comprises ~80% of intracranial malignant tumors. 1, 2 Even with aggressive treatment using a combination of surgery, chemotherapy, and radiation therapy, the median survival time is only 12-15 months. 3, 4 Although research on glioma treatment has made considerable progress, the findings did not significantly improve patients' outcome. 5 Therefore, it is pressing to find new therapeutic agents based on biologic characteristics, and signal pathways are required to improve the outcome of glioma patients.
Biguanides, including phenformin (Phen), metformin (Met), and so on, have been widely used throughout the world to treat type II diabetes. 6, 7 These agents exert an antitumor effect on many cancers, including glioma, according to recent epidemiological surveys and laboratory studies. 8, 9 To reveal the mechanism of antitumor activity of biguanides, several potential mechanisms have been investigated. These studies all showed that biguanides played an important role in activating the AMP-activated submit your manuscript | www.dovepress.com
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Wang et al protein kinase (AMPK) signaling pathway. 10, 11 The primary molecular role of Met is inhibiting mitochondrial respiratory complex I, namely, reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase, which could reduce cellular synthesis of ATP and induce reactive oxygen species (ROS) imbalance. 12 In fact, some studies have indicated that Met could increase the level of ROS in lung cancer and breast cancer, 13, 14 but no report has shown the association of biguanides and ROS in glioma cells.
Meanwhile, because of Phen-associated lactic acidosis in elderly patients with renal failure, compared with Met, Phen use has been limited to relatively few countries. 15 However, some studies have found that Phen is more active against tumor cells than Met. 16 Nevertheless, very few studies have reported the role of Phen on glioma; one study has shown that Phen inhibited the self-renewal of glioma stem cells, as well as decreased the expression of stemness and mesenchymal markers. In this study, the effects of Phen and Met on glioma cells were examined in vitro and in vivo, and the mechanism of action of biguanides in glioma cells was determined, especially the role of ROS in biguanide inhibition of glioma cells.
Materials and methods cell culture and agents
LN229, a human glioblastoma cell line, was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in 1640 medium supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) and 100 U/mL each of penicillin and streptomycin (Thermo Fisher Scientific) in 5% CO 2 at 37°C. Phen, Met, N-acetylcysteine (NAC), and dorsomorphin were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
MTT assay was used to determine ic 50 and cell proliferation
In this assay, 5×10 3 cells were seeded in 96-well plates and incubated for 24 h inside an incubator containing 5% CO 2 at 37°C. Then, different concentrations of Phen (0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM) and Met (0, 10, 20, 40, 60, 80, and 100 mM) were added to 96-well plates on the following day and incubated for 48 h, respectively. At the end of incubation, cells were analyzed using the MTT assay kit (Sigma-Aldrich Co.). The IC 50 of the 48 h values was determined from the dose-response curves. In addition, cells were incubated with lower concentrations of Phen (0.1 mM) or Met (10 mM) for 1, 2, 3, 4, and 5 d to detect cell proliferation using the MTT assay. The absorbance at a wavelength of 490 nm was measured with a microplate reader. All experiments were performed at least three times.
cell cycle analysis LN229 cells were plated in six-well plates (400,000 cells per well) and incubated overnight following treatment with Phen (0.1 mM) or Met (10 mM). After 48 h, the cells were trypsinized and fixed with 70% ice-cold ethanol. After fixation, the cells were washed with PBS and stained with a solution containing 50 µg/mL propidium iodide (PI; SigmaAldrich Co.), 200 µg RNase A (Sigma-Aldrich Co.), and 0.05% Triton X-100 (Sigma-Aldrich Co.) by incubation at 37°C for 30 min. The stained cells were immediately analyzed (BD Company, Franklin Lakes, NJ, USA). All experiments were performed at least three times.
Pi staining was used to detect cell death LN229 cells were treated with Phen (0.1 mM) or Met (10 mM) for 24 h, following which the treated cells were incubated with PI (1 µg/mL) for 3-5 min at 37°C and 5% CO 2 . These cells were then observed under a fluorescence microscope, 100 cells were counted in ten randomly selected fields per experimental condition, and values of PI-positive (dead) cells were expressed as percentage of positive cells.
Two-dimensional clonogenic survival assay
LN229 cells 1×10
3 were seeded on six-well plates and incubated for 10 d in medium containing Phen (0.1 mM) or Met (10 mM) or in blank medium. Then, the colonies were washed with PBS, fixed with methanol, and stained with gentian violet. Pictures were taken, and colonies containing 50 cells were scored as surviving cells.
soft agar colony formation assay
For this assay, 1×10 4 LN229 cells were plated in 0.4% agarose on top of a 1% agarose base supplemented with complete medium containing Phen (0.1 mM) or Met (10 mM) or in blank medium. Cells in agarose were allowed to grow for 4 weeks in 5% CO 2 at 37°C, and total colonies were counted. Pictures were taken, and the number of colonies was counted by microscope.
Wound-healing assay
About 5×10
5 LN229 cells were seeded in one well of sixwell plates and grown overnight; the cell monolayer was wounded by scratching with a 20 µL pipette tip, followed by washing three times with PBS. Then, the cells were incubated in serum-free culture medium with added Phen (0.1 mM) or Met (10 mM) or in blank medium. For each well, images of the scratch were taken, and the distances between the lesion edges were calculated using an inverted microscope at 0 and 24 h. The relative migrating distance 
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cell migration assay
First transwell filters (pore size, 8 µm; Falcon; BD Biosciences) were placed on a 24-well plate containing 500 mL 1640 medium plus either Phen (0.1 mM) or Met (10 mM), or in blank medium; then, about 1×10 5 LN229 cells were added to the upper compartment of a transwell chamber and allowed to migrate for 24 h at 37°C. Then, the cells were harvested, and cells that had migrated to the bottom surface of the filter membrane were stained with 0.5% crystal violet solution and photographed in five preset fields per insert.
Western blot
Cells were lysed in buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 2.5 mM sodium pyrophosphate, 1% Triton X-100, 1 mM sodium vanadate, 1 mM betaglycerophosphate, 1 mM phenylmethylsulfonylfluoride, and 1 mg/mL leupeptin). The protein concentration was measured using the Bradford method, and proteins were resolved on a denaturing 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) apparatus. The primary antibodies used in the western blot were as follows: rabbit anti-cyclin D1 (Proteintech, Chicago, IL, USA), rabbit anti-caspase 3 (Abcam, Cambridge, MA, USA), Bcl-2 (Abcam), Bcl-xL (Abcam), vimentin (Proteintech), E-cadherin (Proteintech), and mouse anti-β-actin (Proteintech). Western blot detection was conducted using a Li-Cor Odyssey image reader, and ImageJ (National Institutes of Health) was used to quantify the western blots. The anti-mouse immunoglobulin G (IgG) and anti-rabbit IgG secondary antibodies were from Li-Cor.
animal experiments
Male BALB/c-nude mice (4-6 weeks of age) were purchased from the Experimental Animal Center of Nanjing Medical. Mice were administered standard feed, housed, and maintained in a pathogen-free house in a 12:12 h light-dark cycle. Temperature and humidity were maintained at 24°C±2°C and 50%±5%, respectively. All mice were injected subcutaneously in the flank region with 100 µL suspension (5×10 6 ) of LN229 cells. Once tumors reached ~0.5-0.6 cm 3 , all the mice were divided into three groups, one group (n=5) was treated with Phen (40 mg/kg/d) by intraperitoneal injection, one group (n=5) was treated with Met (1 mg/kg/d) by intraperitoneal injection, and another group (n=5) was used as control. The size of the tumor was measured twice a week with calipers, and the volume of tumor was determined using the simplified formula of a rotational ellipsoid (length × width 2 × 0.5).
All animal studies followed an approved protocol by Tianjin Medical University, in accordance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
cellular aTP detection
Cellular ATP was detected using CellTiter-Glo ® Luminescent Cell Viability Assay kit (Promega Corporation, Fitchburg, WI, USA) according to the manual's instructions. LN229 cells were plated in 12-well plates (1×10 5 cells per well) and incubated overnight following treatment with Phen (0.1 mM) or Met (10 mM). After 24 h, the culture medium was discarded, and 400 µL luciferase was added, shaken for 5 min, and the liquid was poured into Eppendorf tubes. ATP was detected using a fluorescence detector. intracellular rOs measurement 2′,7′-Dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Thermo Fisher Scientific) was used to measure intracellular ROS, which was oxidized to fluorescent 2′,7′-dichlorofluorescein (DCF) in the presence of ROS. LN229 cells were plated in 12-well plates (1×10 5 cells per well) and incubated overnight following treatment with Phen (0.1 mM) or Met (10 mM). After 24 h, the culture medium was discarded, cells were washed with PBS two times after treatment with reagents and were incubated with 20 µM of H 2 DCFDA at 37°C for 30 min. To remove excess probe, the cells were washed with PBS again, and the fluorescence intensity was measured at an excitation wavelength of 495 nm and emission wavelength of 527 nm. Fluorescence intensity was calculated with ImageJ software (1.47) by analyzing these pictures. statistical methods SPSS 16.0 was used to evaluate the data, and the data are presented as mean values ± SD. The standard two-tailed independent samples t-test was used to compare the differences between the two groups. The significance level was defined as p0.05 (* indicates p0.05, ** indicates p0.01). Each assay was performed in triplicate in at least two independent experiments.
Results
Phen and Met inhibited cell proliferation of ln229
To evaluate the antitumor effects of Phen, cell proliferation of LN229 was determined using MTT in medium containing different concentrations of Phen (0, 0.1, 0.2, 0.4, 0.6, 0.8, anddose-dependent manner, and the IC 50 value of Phen was about 0.6 mM in 48 h ( Figure 1A) , and the IC 50 value of Met was about 60 mM ( Figure 1B) . Meanwhile, cell proliferation at a low concentration of Phen (0.1 mM) or Met (10 mM) was also determined, and the results showed that cell proliferation was also inhibited (Figure 1C and D) . In addition, cell cycle analysis by flow cytometry was performed following exposure of LN229 to Phen (0.1 mM) or Met (10 mM) for 48 h, and the results revealed that there was G1 phase arrest, and that more cells were accumulated in the G1 phase after treatment with Phen or Met for 48 h (Figure 1E and F) . Furthermore, both Phen (0.1 mM) and Met (10 mM) induced cell death successfully, detected by PI stain, in 48 h ( Figure 1G and H) . To further explore the mechanism of action of Phen and Met in inhibiting cell proliferation and inducing cell death, western blot was utilized to detect the expression levels of proteins cyclin D1, caspase 3, Bcl-2, and Bcl-xL, and we found that the level of cyclin D1 was increased, but the levels of caspase 3, Bcl-2, and Bcl-xL were decreased significantly ( Figure 1I ).
Phen and Met inhibited colony formation of ln229
Colony formation assay is an in vitro cell survival assay based on the ability of a single cell to grow into a colony. In this study, we utilized two-dimensional clonogenic survival assay and soft agar colony formation assay to detect the cells' ability for colony formation after Phen (0.1 mM) or Met (10 mM) treatment. The results showed that both 
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Phen and Met inhibited cell migration ability of ln229
To explore the effect of Phen and Met on cell metastasis of LN229, the wound-healing assay and transwell migration assay were performed. Thus, 0.1 mM Phen or 10 mM Met was used to treat LN229 cells, and the results showed that both Phen and Met significantly inhibited cell migration in both wound-healing assay ( Figure 3A and B) and transwell migration assay (Figure 3C and D) . The proteins E-cadherin and vimentin were also detected by western blot, and we found that the level of E-cadherin was decreased and vimentin level was increased after treatment with Phen and Met ( Figure 3E ).
Phen and Met inhibited tumor growth and metastasis of ln229 in vivo
To determine whether Phen and Met could inhibit tumor growth and metastasis in vivo, BALB/c nude mice were injected subcutaneously in the flanks with LN229 cells and treated with Phen (40 mg/kg/d for 18 d, intraperitoneal injection) or Met (1 mg/kg/d for 18 d, intraperitoneal injection). We found that both Phen and Met significantly inhibited the growth of tumors in BALB/c nude mice ( Figure 4A and B) , and the tumor volumes of the Phen-treated mice and the Met-treated mice were significantly smaller than those of the control group ( Figure 4C) . Meanwhile, the survival rate of Phen-treated mice and Met-treated mice was increased significantly compared with the control (Figure 4D ). In addition, both Phen and Met could significantly inhibit tumor metastasis in lung tissues ( Figure 4E) . Furthermore, compared with the control group, the area ratio of necrosis in LN229 xenografts was insignificantly increased in the Phen-treated mice and the Met-treated mice ( Figure 4F ).
Phen and Met induced cell death through rOs imbalance
Several reports have found that biguanides play an important role in activating AMPK signaling pathway, which inhibits cancer cell growth. 17 To determine whether biguanides could activate AMPK in LN229 glioma cells, we detected p-AMPK Figure 5A ). However, the AMPK inhibitor, dorsomorphin, could not rescue the cell death induced by Phen or Met ( Figure 5B ), which suggested that Phen-or Met-induced cell death was not through activating AMPK in LN229. To further explore the mechanism of biguanide induction of cell death, we determined the cellular ATP level after treatment with biguanides; we found that Phen or Met did not change the level of ATP ( Figure 5C ). Because some authors propose that biguanides could affect the lactate production in cell, we also determined the level of lactate. 18 The results showed that both Phen and Met could increase the level of lactate ( Figure 5D ), but just the lactate could not induce cell death when we added different doses of lactate (5, 10, and 20 mM) to the cell medium ( Figure 5E ).
The primary molecular role of biguanides is inhibiting mitochondrial respiratory complex I, which could induce ROS imbalance. So, in this study, we determined the level of ROS in cell mitochondria by DCF fluorescence, and the results showed that both Phen and Met could increase ROS significantly in a dose-dependent manner ( Figure 6A-C) . Furthermore, NAC, 19 the ROS inhibitor, could successfully decrease the level of ROS induced by Phen and Met ( Figure 6D ) and rescue the cell death induced by Phen and Met ( Figure 6E ). Meanwhile, we also determined the role of NAC when combined with biguanides in vivo, and we found that NAC could rescue glioma cells in vivo significantly ( Figure 6F ). All the results suggest that the antitumor role of Phen and Met is mainly through increasing the level of ROS in LN229 cells.
Discussion
In this study, we demonstrated that both Phen and Met could significantly inhibit growth and migration of the glioma cell line LN229 in vitro and in vivo, with ROS playing an important role in the outcome. Phen and Met could prominently increase the level of ROS of cell mitochondria, and the ROS inhibitor NAC could significantly rescue the cell 
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Biguanides are a class of agents widely used to treat type II diabetes. Phen and Met belong to biguanides and receive attention again because of their antitumor effect on many cancers, including hepatocellular, colorectal, pulmonary, and pancreatic carcinomas. [20] [21] [22] [23] [24] [25] [26] [27] Many studies also reported the powerful antitumor activity of biguanides in animal models and cell lines. 28, 29 Several reports also 
6046
Wang et al 
6047
Phenformin and metformin inhibit glioma cell growth and migration
showed that Met could inhibit the growth of glioma cells or glioma stem cells in vitro and in vivo, [30] [31] [32] [33] and one study found that Phen inhibited the self-renewal of glioma stem cells and enhanced the treatment effect of temozolomide. 34 In this study, we demonstrated that both Phen and Met could significantly inhibit cell growth and colony formation in LN229 glioma cells in vitro. Meanwhile, both Phen and Met could significantly inhibit cell migration of LN229 in vitro and inhibit the growth and migration of LN229 in a tumor xenograft model.
Previous studies have shown that biguanides played a role in activating AMPK-mammalian target of rapamycin (mTOR) signaling pathway, which is important in regulating cancer cell survival, proliferation, and apoptosis, as well as the process of epithelial-to-mesenchymal cell transition (EMT) phenotype. 17, 35 Meanwhile, 5-aminoimidazole-4-carboxamide-1-β-4-ribofuranoside (AICAR), similar to biguanides, also could activate AMPK and enhance the efficacy of rapamycin in human cancer cells. 36 To reveal the mechanism of biguanides in the antitumor effect against glioma, we determined the level of p-AMPK, and we found that both Phen and Met could activate AMPK and increase the level of p-AMPK in our study, but an AMPK inhibitor could not rescue the cell death induced by Phen or Met, which suggested that the Phen-or Met-induced cell death in LN229 was not through activation of AMPK. However, we think that LN229 just represents a portion of gliomas, and Phen or Met could not activate AMPK in these gliomas.
The primary molecular role of biguanides is to inhibit mitochondrial respiratory complex I, which could induce ROS imbalance. So, in this study, we determined the level of ROS in cell mitochondria and found that both Phen and Met increased the level of ROS in LN229. Furthermore, NAC, the ROS inhibitor, could successfully counteract the inhibiting effect of Phen and Met for LN229. Meanwhile, the role of NAC when combined with biguanides in vivo was also determined, and we found that NAC could rescue glioma cells in vivo significantly. Actually, some studies have indicated that Met could increase the level of ROS, which promoted cell death in lung cancer and breast cancer. 13, 14 However, one report showed that Met-induced decrease in cell survival is associated with reduced ROS in pancreatic cancer cells. 37 These results suggested that biguanides could affect the level of ROS in cancer cells, which in turn is associated with cell function. However, further studies should be performed to explore the mechanism of antitumor action of biguanides and to evaluate the effect of biguanides on clinical glioma.
Conclusion
Taken together, our results showed that both Phen and Met displayed powerful antitumor effects on LN229 glioma cells in vitro and in vivo, and these agents may be potential adjuvant antitumor drugs for glioma.
